Objectives: There is currently general agreement that adenosine is not involved in ischemic preconditioning (IP) in rat hearts. We hypothesized that the failure to show a role for adenosine is due to the use of brief preconditioning stimuli, and therefore investigated whether adenosine is involved when longer stimuli are employed and which receptor subtypes are involved. Methods and results: Infarct size (IS) was determined in anesthetized rats after 180 min of reperfusion (REP) following a 60-min coronary artery occlusion (CAO). IS was 6962% (n515) of the risk area in control rats and 4562% (n519; P,0.05) following IP by a single 15-min CAO. The non-selective adenosine receptor antagonist SPT, which itself had no effect on IS (7461%), blunted the protection by IP (IS55762%, P,0.05) in a dose of 235 mg / kg i.v., and abolished the protection (IS57061%) at 2325 mg / kg i.v. Following IP by three cycles of 3-min CAO and 3-min REP, IS was 2466% (P,0.05), which was not affected by SPT in doses of 2310 and 2325 mg / kg i.v. The A antagonist Elsevier Science B. V. All rights reserved.
Introduction
(multiple) IP stimuli was 3-5 min. Interestingly, Schulz et al. [5] have shown that intracoronary adenosine deaminase The cardioprotective role of adenosine has been firmly was ineffective in attenuating IS limitation by a 3-min established in all species in which this has been investicoronary artery occlusion (CAO), but abolished the cargated. Adenosine has also been shown to be one of the dioprotection by a 10-min CAO in the pig heart. We mediators involved in the protection afforded by ischemic therefore hypothesized that adenosine could play a role in preconditioning (IP). However, based on numerous studies IP in rats when preconditioning stimuli of longer duration including those in which the selective adenosine A are used. Consequently, we investigated the role of adeno-1 receptor antagonist PD 115,199 and the non-selective sine in IP by a 15-min CAO, a stimulus which we have antagonist SPT failed to block IP [1] [2] [3] , Ganote and previously shown to protect the rat heart [6, 7] , and Armstrong [4] conclude in a recent issue of this journal repeated the protocol of three cycles of 3-min CAO and that there is now general agreement that adenosine does 3-min REP used by Li and Kloner [2] , to exclude that not play a role in the myocardial infarct size (IS) limitation differences in results were caused by differences in breed, by IP in rats. In these studies [1] [2] [3] the duration of the sex and experimental procedures. Our results not only confirmed the findings by Li and Kloner [2] but also demonstrated that a high dose of SPT completely blocked the cardioprotection by a single 15-min CAO stimulus. third intercostal space, the pericardium was opened and a Because SPT is a non-selective adenosine receptor antagosilk 6-0 suture was looped under the left anterior descendnist, we subsequently investigated which of the adenosine ing coronary artery for later CAO. A catheter was receptor subtypes are involved in IP. This is of interest, positioned in the abdominal cavity to allow intraperitoneal because evidence is accumulating that not only selective (i.p.) administration of pentobarbital for maintenance of A but also selective A agonists confer cardioprotection anesthesia. Rectal temperature was continuously measured 1 3 in a variety of animal models. For instance, the selective and maintained at 36.5-37.58C [6, 7] . To prevent local heat A agonists APNEA and IB-MECA limit myocardial loss from the thorax, the thoracotomy site was covered 3 injury to a similar degree as IP in isolated rabbit carwith aluminum foil. After completion of surgery, a 30-min diomyocytes [8] , and in isolated [9] and in vivo [10] rabbit stabilisation period was allowed before experimental protohearts. Since the affinity of adenosine for the A receptor cols were carried out.
3 is 10-100 less than for the A receptor, it has been Rats that fibrillated were allowed to complete the 1 questioned whether A receptor activation is involved in protocol, provided that conversion to normal sinus rhythm 3 the protection afforded by IP [11] . Studies on the role of occurred spontaneously within 1 min, or that defibrillation A receptors in IP in vivo have been hampered by lack of by gently thumping on the thorax or with a 9 V battery 3 selective A receptor antagonists [4] . However, MRS-1191 was successful within 2 min after onset of fibrillation. 3 has recently been described as a highly selective A Occlusion and reperfusion were visually verified [6, 7] . 3 receptor antagonist [4, 11] . Consequently, we studied the contributions of A and A receptor subtypes to the 2.3. Experimental groups 1 3 protection by IP in the in vivo rat heart. Fig. 1 One group underwent a 25-min sham period prior to the Committee of the University. 60-min CAO followed by 180-min of REP (Control). To determine whether adenosine contributed to IP when 2.1. Drugs stimuli of longer duration are used, we preconditioned three groups with a 15-min CAO followed by 10-min of The following agents were used: the non-selective REP. These groups received either no treatment (PC15), or adenosine receptor antagonist 8-p-sulfophenyltheophylwere pretreated with intravenous (i.v.) SPT in doses of we also determined in two groups whether three cycles of 3-min CAO followed by 3-min REP (PC3), protected the 2.2. Surgical and experimental procedures myocardium against infarction produced by a 60-min CAO and whether 2310 mg / kg SPT (PC3120SPT), the dose of Pentobarbital-anesthetized (60 mg / kg) rats were intu-SPT used by Li and Kloner [2] , or the high dose of 2325 bated for positive pressure ventilation (Harvard rodent mg / kg SPT (PC3150SPT) affected this cardioprotection. ventilator) with room air [6, 7] . Through the carotid artery a PE-50 catheter was positioned in the thoracic aorta for 2.3.2. Protocol II: is A receptor stimulation nistic properties, we pretreated rats with 235 mg / kg SPT results of these two groups were compared to the Control, prior to administration of 33 mg / kg IB-MECA (IB-PC15 and PC15110SPT groups from Protocol I, to which MECA33110SPT) or 100 mg / kg IB-MECA with Mep a number of new animals were added (see Fig. 1 ). To (IB-MECA1001Mep110SPT) and studied the effect of exclude an effect of MRS-1191 or its solvent DMAC on IS 2325 mg / kg SPT on the cardioprotection by 100 mg / kg per se, one group received 3.3 mg / kg MRS-1191 i.p.
(Control1MRS) and another group received the solvent DMAC (Control1DMAC) prior to the 60-min CAO. MRS-1191 has been reported to be a highly selective A 3 antagonist, but in vivo experience with this compound is limited. Therefore, to exclude that A antagonistic prop-1 erties contributed to the actions of MRS-1191, we studied the bradycardic responses to the selective A agonist 1 CCPA after treatment with MRS-1191 (n56) or its solvent DMAC (n55). Two consecutive doses (50 and 100 mg / kg, i.v.) of CCPA were administered. The second dose was given when heart rate had reached a stable level after administration of the first dose.
Data analysis and presentation
IS was analyzed by one-way ANOVA followed by hypotension by 35%, but had no effect on IS limitation, indicating that histamine release did not contribute to the cardioprotection by IB-MECA. IB-MECA, in either dose, 3. Results had no effect on heart rate (Table 1) , which indicates that IB-MECA, in the doses used, was selective for the A 3 3.1. Mortality receptor. The low dose of SPT had no effect on the cardioprotection by either dose of IB-MECA, indicating Eleven rats were excluded because of sustained venthat the low dose of SPT had no A antagonistic effects. In 
Area at risk
There were no differences (P50.61) in AR (3461%) between any of the experimental groups. Fig. 2 shows that IP by a 15-min CAO limited IS to 4963% vs. 7062% in Control. SPT in a dose of 235 mg / kg attenuated the cardioprotection, while a 5-times higher dose, which by itself had no effect on IS, abolished the protection. Fig. 2 also shows that IP by 3-min CAOs limited IS to 2466% and that SPT, not only in a dose of 2310 mg / kg (confirming the observations by Li and Kloner [2] ), but also in the high dose of 2325 mg / kg, did not attenuate the cardioprotection (1863%). 3.2.5. Heart rate and arterial blood pressure during 60-min CAO and 180-min REP In all groups of Protocol I arterial blood pressure had decreased at the end of the 60-min CAO and did not recover during reperfusion (Table 1) . Heart rate remained virtually unchanged, although it decreased slightly (10-15%) in some, but not all, groups treated with SPT.
Effect of duration of preconditioning stimuli on the involvement of adenosine

Selectivity of SPT and IB-MECA for
In the animals pretreated with IB-MECA, mean arterial reason for the smaller decrease in mean arterial pressure in these animals during the 60-min CAO, while heart rate remained virtually unchanged. In these animals, heart rate 3.
Adenosine subtypes involved in ischemic
decreased slightly (5-10%) during 180-min REP. preconditioning Mepyramine produced a 10% decrease in heart rate and Cardioprotection by IP was reduced by approximately blood pressure, but had no effect on blood pressure and half, when animals were pretreated with either 3.3 mg / kg heart rate response to the 60-min CAO and 180-min REP MRS-1191 or the low dose of SPT (Fig. 4) . Combining in any group. SPT and MRS-1191 completely abolished the cardioAnimals pretreated with MRS-1191 behaved similarly as protection by IP.
the other groups of animals during the 60-min CAO and To establish that the actions of MRS-1191 were indeed 180-min REP procedure. In these animals heart rate caused by A antagonism, we studied the bradycardic increased 10-15% after administration of MRS-1191, 3 response to the selective A agonist CCPA in the absence which was mostly likely due to its solvent. 1 and presence of MRS-1191. In the animals pretreated with DMAC, heart rate was lowered by 183622 and 261621 bpm by the 50 and 100 mg / kg dose of CCPA, respectively 4. Discussion (Fig. 5 ). After pretreatment with 3.3 mg / kg MRS-1191, Major findings in the present study in the rat heart were that (i) the non-selective adenosine receptor antagonist SPT had no effect on cardioprotection produced by three cycles of 3-min CAO and 3-min REP, confirming observations by Li and Kloner [2] , but attenuated (low dose) and abolished (high dose) the protection afforded by a single 15-min CAO and 10-min REP; (ii) the selective A 3 receptor agonist IB-MECA limited infarct size dose-dependently, which was not affected by pretreatment with the low dose, but was blunted by the high dose of SPT and (iii) the selective A receptor antagonist MRS-1191 at-sine in ischemic preconditioning has been confirmed in tion of cardioprotection by IP with the low dose of SPT other species such as dogs [13] and swine [14, 15] .
can be attributed to A blockade. In contrast, the high dose 1 However, the evaluation of the contribution of adenosine of SPT blunted the protection by IB-MECA, indicating to IS limitation by IP has led to negative results in the rat, that SPT possesses A antagonistic properties at this dose. 3 although several studies have shown that pretreatment with These findings suggest that the abolition of protection by exogenous adenosine can be cardioprotective in this IP with the high dose of SPT may have been caused by species [4] . Capitalizing on observations by Schulz et al.
combined A and A blockade. Alternatively, the abolition 1 3 [5] we hypothesized that the failure to establish the role of of the protection by IP by the high dose of SPT may also adenosine in the aforementioned studies in rats [4] could have been the result of a higher degree of A blockade.
1 be due to the fact that the duration of the IP stimulus may Consequently, additional studies using the selective A 3 have been too short. In the present study we not only antagonist MRS-1191 were pivotal. We observed that at a confirmed the findings by Li and Kloner [2] that protection dose of 3.3 mg / kg MRS-1191 produced a high degree of afforded by three cycles of 3-min CAO and 3-min REP A blockade without any A blockade, confirming its 3 1 was not amenable to adenosine receptor blockade with reported 28-fold selectivity for A over A receptors in the 3 1 SPT in a dose of 2310 mg / kg [2] , but also in the high rat heart [11] . Single treatment with either MRS-1191 or dose of 2325 mg / kg which antagonized both A and A the A selective low dose of SPT attenuated IS limitation 1 3 1 receptors. However, when a preconditioning stimulus of by the 15-min CAO by approximately 50%, while the longer duration was used (15-min CAO), the protection combination of these two agents completely abolished the was blunted by a dose of SPT that was half (235 mg / kg) cardioprotection by IP. These findings indicate that adenoand abolished by a dose that was 2.5 times (2325 mg / kg) sine A and A receptors both contribute to cardioprotec- 1 3 that used by these investigators. These observations imply tion by the 15-min CAO preconditioning stimulus. that adenosine receptor activation is involved in the protection by IP, provided that the duration of the preconditioning stimulus is sufficiently long. Headrick [16] reported that in interstitial fluid collected between 1 and 6 min of a 6-min period of global
Conclusions and therapeutic implications
The present study demonstrates for the first time that normothermic ischemia in isolated hearts, myocardial adenosine is involved in ischemic preconditioning in rat interstitial adenosine concentrations increased from 0.25 to hearts in vivo but only when the duration of the stimulus is 6.8 mM in rats and only from 0.33 to 2.0 mM in rabbits.
sufficiently long. The study also shows that not only A 1 The K value of adenosine for the A receptor is 10-100 but also A receptors contribute to ischemic precondition-
nM in rats and 28 nM in rabbits [4, 11] . These findings of ing in vivo. It is not yet clear whether A receptors also 3 higher interstitial adenosine levels together with a similar contribute to IP in species other than the rat, in which affinity for A receptors in rat and rabbit hearts are interstitial adenosine levels may rise to higher levels than 1 difficult to reconcile with a contribution of adenosine to IP in other species, during IP stimuli of .5-min [16] . Since by brief stimuli in the rabbit, but not the rat heart [4] . endogenous adenosine has a 10-100 fold higher affinity Since Headrick [16] used a 6-min CAO, the different for A receptors over A receptors [11] , it is possible that 1 3 results obtained in rats and rabbits can only be explained in other species the A receptor may not contribute to the 3 by an early increase in adenosine in the rabbits, whereas in same extent. Interestingly, the protection by hypoxic rats, similar to pigs [5] , interstitial adenosine levels do not preconditioning against hypoxia-induced damage in isoincrease sufficiently during the initial 3 min of occlusion.
lated rabbit cardiomyocytes could only be partially blocked by the adenosine A selective antagonist DPCPX, and though the authors used a ten-fold higher dose of IB- 
